Microwave-Induced Interfacial Nanobubbles by Wang, L et al.
1 
 
Microwave Induced Interfacial Nanobubbles  1 
Lei Wang,
†
 Xiaojun Miao,
†
 and Gang Pan*, 
†, ‡ 2 
†
Research Center for Eco-Environmental Sciences, Chinese Academy of 3 
Sciences, Beijing 100085, China 4 
‡
School of Animal, Rural and Environmental Sciences, Nottingham Trent 5 
University, Brackenhurst Campus, Southwell NG25 0QF, United Kingdom 6 
*Corresponding author: gpan@rcees.ac.cn  7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
2 
 
ABSTRACT 28 
A new method for generating nanobubbles via microwave irradiation was 29 
verified and quantified. AFM measurement showed that nanobubbles with 30 
diameters ranging in 200 - 600 nm were generated at water-HOPG surface 31 
by applying microwave to aqueous solutions with 9.0 - 30.0 mg/L of 32 
dissolved oxygen. Graphite displays strong microwave absorption and 33 
transmits high thermal energy to surface. Due to high dielectric constant 34 
(20 °C, 80 F/m) and dielectric loss factor, water molecule has strong 35 
absorption ability for microwave. The thermal and non-thermal effects of 36 
microwave both had contributions to decrease gas solubility and that 37 
facilitated nanobubble nucleation. The yield of nanobubbles increased 38 
about ten times when irradiation time increased from 60 s to 120 s at 200 39 
W microwave. The nanobubbles density increased from 0.8 to 15 40 
numbers/μm2 by improving working power from 200 to 600 W. An 41 
apparent improvement of nanobubbles yield was obtained between 300 and 42 
400 W, and the resulting temperature was 34 - 52 °C. When the initial 43 
dissolved oxygen increased from 11.3 to 30.0 mg/L, the density of 44 
nanobubbles increased from 1.2 to 13 numbers/μm2. The generation of 45 
nanobubbles could be well controlled by adjusting gas concentration, 46 
microwave power or irradiation time. The method maybe valuable in 47 
preparing surface nanobubbles quickly and conveniently for various 48 
applications, such as catalysis, hypoxia/anoxia remediation or as templates 49 
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to prepare nanoscale materials.  50 
1. INTRODUCTION  51 
Surface nanobubbles are gaseous domains that are typically tens to 52 
hundreds of nanometers in radius and 10 - 100 nm high. Nanobubbles were 53 
first reported by Parker et al.1 for explaining the effect of hydrophobic 54 
long-range force. In 2000, two research groups reported the first images of 55 
nanobubbles on various hydrophobic surfaces in water by AFM which 56 
demonstrated the existence of nanobubbles directly2, 3 and this is a 57 
significant milestone of nanobubbles study. Since then, nanobubbles have 58 
attracted increasing attention in various fields including nanofluidics,4 59 
nanomedicine,5, 6 nanochemistry7, 8 and environmental remediation.9, 10, 11, 60 
12 Investigations focus on unraveling the mystery behind nanobubble 61 
nucleation,13, 14, 15, 16, 17, nanobubble stability mechanism including 62 
contamination layer and contact line pinning,18, 19 quantifying bubble 63 
dynamics as a function of different parameters,20, 21, 22, 23, 24 as well as 64 
developing potential applications in lubrication,25 cleaning,26, 27, 28 flotation 65 
of minerals29 and synthesizing highly porous metallic surfaces.30 To fully 66 
exploit these possibilities, there is the need to prepare various types of gas 67 
nanobubbles by simple methods, which can be used to generate 68 
nanobubbles in a controlled way.  69 
Research advances on various physical aspects of surface nanobubbles 70 
in the past decade include methods of nanobubble generation based on 71 
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solvent exchange,20, 31, 32, 33 temperature gradient,21, 34 plasmonic effect35 72 
and water electrolysis.36, 37, 38, 39, 40 Alcohol–water exchange is proved to be 73 
an effective method that can generate large amount of air nanobubbles with 74 
high repeatability.16, 41, 42 Its efficiency may be attributed to the transient 75 
and local gas supersaturation close to the surface, when the alcohol, having 76 
a high gas solubility, is replaced by water, having a lower gas solubility. 77 
This local supersaturation presumably triggers the nucleation of small 78 
gaseous domains, the nanobubbles. However, exchange of organic solvents 79 
with water has some limitations. It needs large amount of organic solvents 80 
and fast exchanging process and a stable surface resistant to organic 81 
solvents, meanwhile organic solvents are more likely to introduce 82 
contaminations to the system and make the analysis complicated. Methods 83 
without solvent exchange to nucleate nanobubbles are required for 84 
nanobubble researches. Generation of plasmonic nanobubbles has drawn 85 
attention in the past few years.43, 44 Irradiation gold nanoparticles (AuNPs) 86 
with nanosecond laser pulses, at a wavelength that matches their plasmon 87 
resonance, is an approach commonly used to generate vapor nanobubbles 88 
in both water and biological mediums. This method only applies to certain 89 
plasmonic nanoparticles and presents a promising diagnostic and 90 
therapeutic avenue for various pathologies.45, 46 In recent years, 91 
electrochemical method has been employed to produce nanobubbles on the 92 
surface of electrode. Zhang et al.36 and Chen et al.47 confirmed that 93 
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electrolysis of water induced the formation of hydrogen nanobubbles on 94 
highly orientated pyrolytic graphite (HOPG) surfaces or Pt electrode. 95 
Oxygen nanobubbles were determined simultaneously as a by-product of 96 
obtaining hydrogen gas by water electrolysis.48 However, the yield of 97 
oxygen nanobubble was much lower than that of hydrogen nanobubble.37 98 
More recently, Chen et al.49 reported the generation of N2 nanobubbles at 99 
Pt nanoelectrode by irreversible electrooxidation of hydrazine. However, 100 
nanobubble generation by electrolysis is restricted by the type of 101 
electrolyte. For now, only water with or without acid and hydrazine have 102 
been used as electrolyte. System temperature proved to be an important 103 
factor for the formation of nanobubbles, however, there is the need to 104 
advance this method with high efficient and low energy cost. 105 
Microwave has pronounced thermal effect. The working principle of 106 
microwave is based on water molecule’s fast shear flow and molecules 107 
friction.50 Water molecules can rotate in time with electric field frequencies 108 
of 2.45 GHz in liquids. Due to this process, “internal friction” takes place 109 
in the polar medium, which leads to a direct heating of the mixture. 110 
Graphite presents strong microwave absorption ability because of its low 111 
resistance, being able to transmit high thermal energy to surface and 112 
resulting in dramatic temperature increase on surface.51, 52, 53 The hot 113 
substrate may provide possibilities for interfacial nanobubbles formation 114 
in the aqueous solution. Microwave also presents non-thermal effect.54 So 115 
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far, there are no previous studies on the use of microwave for nanobubble 116 
generation.  117 
Here, we propose to use microwave irradiation to generate interfacial 118 
nanobubbles. Oxygen was used as the gas source and nanobubbles were 119 
measured by AFM on HOPG surface. Influence factors to the formation 120 
process such as dissolved oxygen concentration, microwave power and 121 
irradiation time were studied. The objective of the study is to develop a 122 
convenient and efficient method for the controlled formation of 123 
nanobubbles. 124 
2. EXPERIMENTAL   125 
2.1. Chemicals and materials 126 
Highly ordered pyrolytic graphite (HOPG) (1.2 cm × 1.2 cm, Bruker) 127 
was used as the substrate. HOPG was freshly cleaved before each 128 
experiment by peeling off the outermost layers with scotch tape. 129 
Water with conductivity of 18.2 MΩ cm and pH 7.0 was obtained from 130 
a milli-Q system (Millipore Corp., Boston, MA). All glass containers for 131 
the liquid and tweezer were cleaned by acetone and ethanol, respectively, 132 
and then rinsed with water. The high pure oxygen (99.995%) was used as 133 
gas source to prepare nanobubbles. Experiments were carried out under 134 
ambient lab conditions. 135 
2.2. Formation of nanobubbles by microwave  136 
Microwave was used to prepare interfacial nanobubbles. The water was 137 
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first degassed by keeping it for 1 h under a reduced pressure of 30 mbar. 138 
Then pure oxygen was aerated to the degassed ultrapure water with a flow 139 
rate of 160 mL per minute. A dissolved oxygen meter (JPSJ605, Shanghai 140 
REX Instrument Factory) was used to detect the concentration of dissolved 141 
oxygen (DO). In order to get the in situ nanobubbles images, the freshly 142 
cleaved HOPG was fixed on an iron stub by tape and put into the obtained 143 
50 mL solution and then started the microwave treatment (OTG Motor Co. 144 
Ltd). The schematic diagram of nanobubbles generation was shown in 145 
figure 1. After this process, the HOPG covered with the microwave treated 146 
water was carefully and quickly transferred to the liquid cells and measured 147 
by AFM.  148 
 149 
Figure 1. The schematic diagram of nanobubbles generation by 150 
microwave  151 
2.3. Characterization of nanobubbles 152 
The AFM used in the experiment was a Multimode Nanoscope IIIa from 153 
Digital Instruments (Bruker AXS GmbH), equipped with a liquid cell and 154 
an O–ring which sealed the cell and the substrate to prevent liquid leakage 155 
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during the measurement. During the scanning, a vertical engage J scanner 156 
(120 × 120 μm2) and silicon nitride cantilevers with their spring constant 157 
around 0.32 N/m were used. The probes were cleaned by immersing them 158 
in acetone and ethanol, respectively, and then rinsed with water. For 159 
imaging in fluid, the resonance frequency in tapping mode was from 7 kHz 160 
to 12 kHz and the amplitude set point was 80–90% of the free amplitude. 161 
3. RESULTS  162 
3.1. Generation of interfacial nanobubbles  163 
The AFM image of HOPG substrate (Figure 2a) showed that no 164 
nanobubbles were observed when the freshly cleaved HOPG substrate was 165 
simply immersed into water with 9.0 mg/L of dissolved oxygen at ambient 166 
environment. Nanobubbles were formed after 30 s treatment by 400 W 167 
microwave irradiation (Figure 2b). The apparent diameter (lateral size) of 168 
nanobubbles was 200 - 600 nm. As shown in Figure 2c, oxygen 169 
nanobubbles still existed on the HOPG surface after 12 h. Once 170 
nanobubbles formed on the hydrophobic surface, they remained stable 171 
even in high temperature conditions and did not evolve into macroscopic 172 
bubbles.55 The mechanism behind such stability may be related to the 173 
strong pinning at the three-phase boundary, which needs to be confirmed 174 
by more quantitative experiments. In the degassed control system, the 175 
treatment of microwave did not result in particle objects on the HOPG 176 
surface (Figure S1). A clear surface was revealed when the nanobubbles 177 
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area was scanned under contact mode (Figure 2d). The tip always contacted 178 
with the substrate, and its force was strong enough to penetrate through 179 
soft nanobubbles. This result confirmed that microwave irradiation 180 
induced the formation of nanobubbles on the HOPG surface in water.  181 
 182 
Figure 2. AFM images of HOPG substrate and nanobubbles: (a) the HOPG 183 
surface in water without microwave treatment, (b) images of nanobubbles 184 
generated by microwave irradiation, (c) nanobubbles images after 12 h 185 
scanning and (d) AFM contact mode of the same treatment sample. The 186 
scan sizes is 10 μm × 10 μm and height scale is 30 nm.  187 
3.2. Effect of irradiation time and microwave working power  188 
Typical images of nanobubbles generated by microwave as function of 189 
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irradiation time were presented in Figure 3a-c. The irradiation power was 190 
set at 200 W and the initial oxygen concentration was 15.0 mg/L. The 191 
density of nanobubbles on HOPG increased significantly with the increase 192 
of irradiation time. AFM images in contact mode proved that the generated 193 
bubbles-like domains were indeed nanobubbles. The yield of oxygen 194 
nanobubbles increased about ten times when irradiation time increased 195 
from 60 s to 120 s (Figure 4).  196 
 197 
Figure 3. (a-c) AFM tapping mode height images of nanobubbles on water-198 
HOPG surface with different microwave irradiation time: (a) 60 s, (b) 90 s 199 
and (c) 120 s; (a1-c1) AFM images of these same samples by contact mode. 200 
The scan sizes is 10 μm × 10 μm, height scale is 30 nm.  201 
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Figure 4. Effect of microwave irradiation time on the formation of 203 
nanobubbles 204 
      The effect of microwave power was also studied. All water samples 205 
with initial oxygen of 15.0 mg/L were treated for 30 s by microwave at 206 
different working power. The yield of nanobubbles and the associated 207 
temperature profile were shown in Figure 5. The nanobubble formation 208 
was well correlated to the resulting temperature. An apparent improvement 209 
of nanobubbles yield was found between 300 and 400 W, where the 210 
resulting temperature was 34 - 52 °C. The nanobubbles density increased 211 
from 0.8 to 15 numbers/μm2 by improving working power from 200 to 600 212 
W, suggesting that increasing work power improved the yield of 213 
nanobubbles.  214 
12 
 
200 300 400 500 600
0
2
4
6
8
10
12
14
16
 Nanobubbles number
 Temperature
Microwave power (W)
N
u
m
b
e
r 
o
f 
n
a
n
o
b
u
b
b
le
s
 
(p
e
r 
s
q
u
a
re
 m
ic
ro
m
e
te
r)
30
35
40
45
50
55
60
 T
e
m
p
e
ra
tu
re
 (
0
C
)
 215 
Figure 5. Effect of microwave power on the formation of nanobubbles 216 
3.3. Oxygen concentration effect  217 
Gas concentration was proved to be an important factor affecting the 218 
formation of nanobubbles.56 In order to study the oxygen concentration 219 
effect, we prepared water with different initial oxygen concentrations from 220 
11.3 to 30.0 mg/L. The initial temperature was 19 °C. Samples were treated 221 
60 s by 300 W microwave irradiation and then followed with AFM 222 
measurement. The resulting temperature was 45 °C after switching off the 223 
microwave. Typical images of nanobubbles as function of oxygen 224 
concentration were shown in Figure 6. The yield of nanobubbles increased 225 
with increasing oxygen concentration (Figure 6e).  226 
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 227 
Figure 6. AFM height images of oxygen nanobubbles generated by 228 
microwave in water with different oxygen concentrations: (a) 11.3 mg/L, 229 
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(b) 13.9 mg/L, (c) 20.0 mg/L, (d) 30.0 mg/L and (e) the number of 230 
nanobubbles versus oxygen concentration. The scan sizes is 10 μm × 10 231 
μm and height scale is 30 nm.  232 
When HOPG was immerged in an oversaturated oxygen water with 233 
30.0 mg/L of DO with no microwave treatment, no interfacial nanobubbles 234 
were observed (Figure 7). 235 
 236 
Figure 7. AFM image of HOPG surface in water with 30.0 mg/L of DO 237 
without microwave treatment 238 
4. DISCUSSION 239 
4.1. Generation of interfacial nanobubbles by microwave  240 
It is well known that water molecule is polar with high dielectric 241 
constant (20 °C, 80 F/m) and dielectric loss factor, thus has strong ability 242 
to absorb microwave. Graphite displays strong microwave absorption 243 
ability and may yield “hot spots”.50, 51 Microwave treatment and 244 
temperature change in water are related (Table S1). The combination of hot 245 
HOPG substrate and temperature change in water by microwave irradiation 246 
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may be responsible for the formation of interfacial nanobubbles. 247 
Experimental results demonstrated the yield of nanobubbles was well 248 
associated with the irradiation time and working power. The yield of 249 
nanobubbles increased about ten times when irradiation time increased 250 
from 60 s to 120 s by 200 W microwave treatment (Figure 4). The 251 
nanobubbles density increased from 0.8 to 15 numbers/μm2 by improving 252 
work power from 200 to 600 W (Figure 5). Microwave irradiation 253 
significantly enhanced nanobubble generation. By adjusting microwave 254 
working power or irradiation time, it is possible to achieve desired 255 
nanobubbles (amount and size) quickly and conveniently.  256 
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Figure 8. Oxygen concentration versus system temperature 258 
Gas concentration played an important role on the nanobubble 259 
formation.56, 57 Figure 8 shows the relationship between the oxygen 260 
concentration in water solution and the temperature variation caused by 261 
microwave irradiation. The higher initial concentration of oxygen, the 262 
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more oxygen released from aqueous phase and thus induced the 263 
nanobubble nucleation. The yield of nanobubble was apparently increased 264 
from 1.2 to 13 numbers/μm2 when initial oxygen was increased from 11.3 265 
to 30 mg/L (Figure 6). While the yield of oxygen nanobubbles can be 266 
largely manipulated by oxygen concentration, it remains an interesting 267 
topic to study their stability under various water conditions such as the 268 
oxygen delivery effect in aerobic environment.  269 
4.2. Possible mechanism of nanobubble formation 270 
In this study, nanobubbles were not observed by AFM when the freshly 271 
cleaved HOPG substrate was immersed into water with rather high oxygen 272 
concentration (9.0 - 30 mg/L) at ambient environment without microwave 273 
treatment (Figure 2a and Figure 7). This agreed with literature that few 274 
nanobubbles can be detected simply by immersing a hydrophobic substrate 275 
into water.20, 57, 58 Zhang et al.59 reported that interfacial nanobubbles were 276 
not observed when a smooth OTS-Si wafer was put in a CO2 saturated 277 
water solution, and the interfacial bubbles are only formed through a fast 278 
solvent exchange treatment. It is widely accepted that the fast variation of 279 
gas solubility in water solution is key in inducing the nucleation of 280 
nanobubbles. 281 
     In this work, oxygen solubility in water was rapidly decreased with the 282 
temperature increase caused by microwave treatment (Figure 8). The 283 
positive/negative direction of electric field in the microwave could change 284 
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2.45 billion times per second.50 The fast changing electric fields of the 285 
microwave radiation lead to a rotation of the water molecule. The fast water 286 
shear flow and molecules friction can open the hydrogen bond between 287 
oxygen and water molecule and result in the decrease of oxygen solubility 288 
in the aqueous solution. This is a physical process caused by microwave 289 
non-thermal effect.54 Meantime, severe temperature variation by 290 
microwave thermal effect also helped to decrease the oxygen solubility. 291 
The nanobubble formation mechanism is described in the schematic 292 
diagram of Figure 9. One possible pathway is that interfacial nanobubbles 293 
could be formed by direct oxygen molecule nucleation and accumulated on 294 
HOPG surface as nanoscale gas state. When irradiated by the microwaves, 295 
HOPG could absorb microwave energy and result in a rapid heating of the 296 
surface. The violent release of heat by the HOPG resulted in a rapid 297 
decrease of gas solubility in the surrounding domain, which contribute to 298 
the nanobubble nucleation on HOPG-water surface. Another possible 299 
pathway is that free oxygen nanobubbles could be formed in the bulk 300 
solution and then attached to HOPG surface to form surface nanobubbles.16 301 
Due to the strong microwave absorption ability, both water and HOPG 302 
substrate temperature could be well controlled by microwave, which is 303 
different from the non-selective temperature change method.35 In addition, 304 
the selective heating by microwave may be more energy efficient than the 305 
conventional heating conduction through the whole media.  306 
18 
 
 307 
Figure 9. The possible mechanism of nanobubbles formation 308 
4.3. Potential impacts 309 
This work confirmed that microwave irradiation was an effective way 310 
in preparing surface nanobubbles. In order to present direct evidence of 311 
nanobubbles, oxygen nanobubbles was generated and determined on 312 
HOPG surface in this study. Recent study demonstrated that oxygen 313 
nanobubbles could be quantified at particle-water interfaces by scanning 314 
transmission soft X-ray microscopy.60 The controlled formation of 315 
nanobubbles via microwave maybe valuable in preparing surface 316 
nanobubbles at various solid surfaces for practical applications, such as 317 
catalysis, hypoxia/anoxia remediation or as templates to prepare 318 
nanoscale materials. It is interesting to study whether other gas type of 319 
nanobubbles can be produced by microwave treatment. It remains a 320 
challenge in the future to study the many mysteries related to nanobubbles 321 
such as the gas density inside nanobubbles and the stability on particle 322 
surfaces.  323 
5. CONCLUSIONS 324 
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This work found that surface nanobubbles can be generated by 325 
microwave treatment. The yield of nanobubbles can be manipulated by 326 
adjusting the irradiation and gas concentration. Both thermal and non-327 
thermal effects of microwave may be responsible for the formation of 328 
nanobubble nucleation due to the decrease of oxygen solubility in aqueous 329 
system. The study provides a quick and convenient way to produce 330 
nanobubbles that may be useful for various applications.  331 
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